Objectives: To investigate negative pressure wound therapy (NPWT) to prevent wound dehiscence and infection after high-risk lower extremity trauma.
INTRODUCTION
Tibial plateau, pilon, and calcaneal fractures are particularly notorious for complications related to infections and wound healing problems. However, it is clear that infection and wound healing problems remain a major complication for all three fracture types. Tibial plateau fractures are associated with infection rates that vary from 5% to 80% with a mean of approximately 27% with open reduction and internal fixation. [1] [2] [3] [4] [5] Pilon fractures have an incidence of deep infections ranging from 5% to 40% [6] [7] [8] [9] with calcaneal fractures reporting deep infections between 0% and 20%. [10] [11] [12] Surgeons have resorted to using staged treatment protocols 6, 9, 13 and gentle or minimally invasive soft tissue handling techniques 10 in an attempt to decrease these wound healing problems.
Negative pressure wound therapy (NPWT) is a relatively new treatment concept initially developed by Argenta and Morykwas 14 to aid in the treatment of chronic wounds. Nearly all published studies use the Vacuum Assisted Closure system (Kinetic Concepts Inc, San Antonio, TX) to achieve NPWT. There are a number of studies that document NPWT as a successful adjunct to wound healing with the majority of studies published in the plastic surgery literature. [14] [15] [16] [17] [18] [19] [20] [21] There is also a limited amount of published material on the use of NPWT associated with extremity trauma [22] [23] [24] [25] [26] [27] [28] and the treatment of musculoskeletal infections. Virtually all of the published clinical studies using NPWT involve the treatment of wounds that are already a clinical problem. Incisional NPWT to prevent wound complications is a new concept.
The purpose of this study was to investigate the use of NPWT to prevent wound dehiscence and infection after highrisk lower extremity trauma. Our hypothesis was that there would be a significant decrease in wound infection and dehiscence when NPWT was applied prophylactically to patients following high-energy tibial plateau, pilon, and calcaneus fractures.
PATIENTS AND METHODS
This study was designed as a multicenter, prospective randomized controlled trial evaluating wound healing and complications using NPWT after high-energy tibial plateau, pilon, and calcaneus fractures. This study was registered in the ClinicalTrials.gov registry, ClinicalTrials.gov Identifier NCT00582998. This study received Institutional Review Board approval at all the participating centers, and all patients enrolled gave informed consent regarding their participation in the study. Inclusion criteria included: patients who were older than 18 years of age; had sustained high-energy tibial plateau, pilon, or calcaneus fractures; and were able to comply with the research protocol and willing to give informed consent. Exclusion criteria included: nonoperative calcaneus, tibial plateau, or pilon fractures; patients with open calcaneus fractures; tibial plateau or calcaneus fractures receiving definitive surgery more than 16 days after injury; pilon fractures receiving definitive surgery more than 21 days after injury; prisoners; pregnant women; patients with one of these fractures as a result of a low-energy mechanism of injury; patients or family members unable or unwilling to sign study informed consent; and patients unable to comply with the protocol. The time to definitive surgery was the time from injury until final open reduction and internal fixation was completed. Most pilon fractures and a few tibial plateau fractures were treated with spanning external fixation as a staged procedure before the definitive procedures. The attending orthopaedic trauma surgeon made the final decision of when a fracture was ready for open reduction and internal fixation.
Patients were enrolled and then randomized to receive either standard postoperative dressings (control) or NPWT (study) over the surgical incision after open reduction and internal fixation of their fracture. Dressings or NPWT were applied in the operating room and then changed on postoperative Day 2 and every 1 to 2 days thereafter. All patients were maintained as inpatients until wound drainage was minimal, which was defined as no more than two spots of serous drainage that were no more than 2 cm in diameter during a single nursing shift. To evaluate the drainage in the NPWT patients, the dressing was removed and a standard gauze dressing was placed for an 8-hour nursing shift to allow an accurate assessment of wound drainage to meet the criteria for discharge. Once drainage had fallen below that parameter, patients were eligible for discharge. NPWT was applied to Study Group patients using 125 mm Hg of subatmospheric pressure applied on the continuous setting. NPWT was maintained in the study group patients until their drainage fell to the minimal threshold described previously and they were eligible for discharge.
Data collected for this study included basic demographics, smoking, diabetes, alcohol use, anticoagulant use, bleeding disorders, and Injury Severity Score. We also recorded fracture type, mechanism of injury, associated ipsilateral injuries, and soft tissue injury severity using the Tscherne classification. 29 Additional data obtained included: the number of days until the incision drainage became minimal; the number of days until the wound was completely dry and sealed; and the number of hours study group patients had NPWT applied. Outcome data recorded included the development of acute infections (defined as occurring during the initial hospitalization), late infections, and wound dehiscence. A patient was diagnosed as having an infection when a combination of clinical signs and symptoms (purulent drainage, erythema, fever, chills, etc) and laboratory data documented the infection. All infections were confirmed with cultures. Wound dehiscence was defined as any separation of the surgical incision that required either local wound care or surgical treatment.
This investigator-initiated study was funded by Kinetics Concepts, Inc. In addition to providing financial support, Kinetics Concepts, Inc also provided the NPWT systems and related supplies free of charge for use on those study patients randomizing to the study leg of the clinical research project.
Continuous variables were summarized using arithmetic averages and standard deviations. Differences between the randomized treatment groups for continuous variables were compared using a one-factor analysis of variance test. Proportions were summarized using counts and percentages. The relative risk of specific events was presented with 95% confidence intervals. The differences in proportions between the randomized treatment groups were compared using a twotailed Fisher exact test based on the hypergeometric distribution. Probability values , 0.05 were considered significant. Probability values from stratified contingency table analyses were derived using the Cochran-Mantel-Haenszel test.
RESULTS
Two hundred forty-nine patients with 263 fractures were randomized into this study. One hundred nineteen patients (122 fractures) were randomized to the control group, whereas 130 patients (141 fractures) were randomized to the NPWT group. One hundred sixty-one males and 88 females were entered into the study with approximately 65% males in each group. Patients ranged between 18 and 80 years in age with a mean of 43 years old. There was no difference between the groups regarding age or race. Fifty-two percent of our patients were smokers with a similar distribution between the two groups. Only 15 patients had diabetes, but 11 of them were in the NPWT group compared with only four in the control group (P = 0.114). There were also no significant differences between the groups in terms of alcohol use, bleeding disorders, or the use of anticoagulants.
Injury Severity Scores were similar between the groups with a mean of 12.1 (range, 4-34) for controls and 13.3 (range, 4-50) for study group patients. The distribution of the three fracture types is presented in Table 1 and is similar between the control and study groups. Forty-three percent of our patients had at least one ipsilateral fracture with no difference between the two groups. The mechanism of injury is presented in Table 2 and is very similar between the two groups. All of the injuries in this study were the result of high-energy mechanisms of injury. Soft tissue injuries were classified using the Tscherne classification. 29 The mean Tscherne score for both the control and study groups was 1.9 with a range of one to three in both groups. Patients met discharge criteria at a mean of 2.7 days after surgery. Patients in the NPWT Group were ready for discharge in 2.5 days compared with 3.0 days for patients in the control group (P = 0.103). The difference in the time until the patients dropped to minimal drainage was not significant between the groups (Table 3) . Patients in the study group had NPWT applied to their wound for a mean of 59 hours with a range of 21 to 213 hours.
There were a total of six (2%) acute and 31 (12%) late deep infections in patients enrolled in this study. Control patients developed five (4%) acute and 18 (15%) late infections for a total of 23 infections. NPWT patients had one (0.7%) acute and 13 (9%) delayed infections for a total of 14 infections. There was a significant difference (P = 0.049) in the number of total infections between the groups in favor of the patients treated with NPWT. When we evaluate only the closed fractures, the number of infections for the control group was not changed with five acute and 18 late infections for a total of 23 infections (19%). The NPWT group still had one acute infection. However, there were only 11 delayed infections when excluding open fractures for a total of 12 infections (9%). This difference was significant with P , 0.05. Table 4 provides details regarding the fracture types that became infected in both control and NPWT patients. The mean time from injury to surgical stabilization was 7.7 days for tibial plateau fractures, 12.4 days for pilon fractures, and 14.1 days for calcaneus fractures. There was no difference between the control and NPWT groups in time from injury to stabilization. Time to surgery is delineated in Table 5 . The infection and dehiscence rate in fractures is documented in Table 6 . Table 7 shows the number and percentage of patients who had data collected.
Wound dehiscence after discharge was observed in 20 (16.5%) control and 12 (8.6%) NPWT-treated fractures. The most common fracture to develop wound dehiscence was calcaneus (20) followed by tibial plateau (eight) and pilon (four). When evaluated in terms of fractures, there is a significant difference (P = 0.044) in total wound dehiscence in favor of NPWT. There was no difference in the time to surgery between patients who developed wound dehiscence and those who did not develop wound dehiscence, although there was a trend with tibial plateau fractures. The mean time to surgery for patients with tibial plateau fractures who developed skin breakdown was 4.9 days compared with 8.0 for those with intact wounds. Pilon fracture patients who developed wound dehiscence had surgery in a mean of 12.5 
DISCUSSION
Data generated in this study suggest that a novel use of NPWT in an effort to prevent wound complications may be a viable strategy in some cases. The mechanism of action of NPWT to augment wound healing is not completely understood. There are at least three proposed mechanisms: increased blood flow through the capillary vessels; edema reduction; and mechanical stretching of cells leading to cell growth and expansion. 14, 20 Although there are no previous studies regarding the use of NPWT over closed surgical incisions, there is substantial basic science and animal data that NPWT is associated with increased microvascular blood flow. [31] [32] [33] [34] [35] Timmers et al have published data that suggest that NPWT increases perfusion to the skin when applied to an intact soft tissue envelope. 36 Wound healing complications and associated infections are a major source of morbidity. There is a wide range in the prevalence of wound associated morbidity with these tibial plateau, pilon, and calcaneus fractures as a result of differences in enrollment criteria, energy of the traumas, and surgical techniques used. In literature primarily from the 1990s, tibial plateau fractures have a reported incidence that ranges from 5% to 80% with a mean of 27% in six studies after open reduction and internal fixation. [1] [2] [3] [4] [5] More recently (2009), Hall et al 37 reported an 18% deep infection rate after open reduction and internal fixation of high-energy tibial plateau fractures. Pilon fractures are also reported to be associated with soft tissue healing complications and infections with a range of less than 5% to 40% reported in the literature. [6] [7] [8] [9] 38, 39 Calcaneus fractures are associated with severe swelling and poor soft tissue coverage with reports describing 0% to 20% for both wound dehiscence and infection. [10] [11] [12] 40 Many surgeons have adopted staged protocols to treat these fractures in an effort to decrease complications. 41 Although the concept of the application of NPWT to open and dehisced wounds is well established in the literature, there has been little written regarding the potential application over incisions to prevent complications in high-risk wounds. A recently published study by Timmers et al applied NPWT to patients' forearms that did not have wounds or trauma. These data suggest a statistically significant increase in microvascular blood flow to the skin under the sponge at subatmospheric pressures up to 300 mm Hg. 36 A number of additional studies also suggest increased blood flow as a result of application of NPWT. 14, [31] [32] [33] [34] [35] 42 This study was designed as a prospective randomized multicenter clinical trial to investigate the use of NPWT as prophylaxis against wound dehiscence and infection after high-risk lower extremity trauma. High-risk in this study was defined as a combination of surgical treatment of one of the three fracture types in this study combined with a high-energy mechanism of injury. They were all treated using an identical protocol with the exception of the application of NPWT in study patients compared with a standard postoperative dressing in controls. Our data demonstrate a significant decrease in both wound dehiscence and infection when both acute and chronic wound problems are evaluated together. Calcaneus fractures were the most likely fracture to develop an infection in both groups of this study. The impact of the NPWT on infection was also the greatest with calcaneus fractures. The control group had a particularly high infection rate.
The NPWT device was applied for only a mean of 2.5 days in study patients. They were ready for hospital discharge approximately half a day more quickly than control patients based on the condition of their surgical site. The cost of application of NPWT in these patients was less than $500 at the time this study was conducted, which was more than offset by the shortened hospitalization. The cost was what was paid by the hospital for the therapy. Additionally, the cost of treatment for deep postoperative surgical infections is enormous, making the use of incisional NPWT for prophylaxis potentially viable economically.
We recognize that one potential criticism is that calcaneus, pilon, and tibial plateau fractures are remarkably different injuries. They are all fractures associated with a high risk of infection and soft tissue healing problems after surgical fixation. The intent of this study was not to validate the use of NPWT with any of these fractures individually, and the results should not be extrapolated to say that. Our intent was to study high-risk postoperative wounds after high-risk extremity fractures below the knee. Although the trends were favorable for each of the individual fracture types, an additional study with more patients would be required to study each of the fracture types individually.
Strengths of this study are those that are inherent with a Level I study. This was a prospective randomized evaluation of the use of NPWT to aid in wound healing after high-risk fractures. The design and the size of the study both lend credibility to the results. However, the study also had several weaknesses in addition to the variety of fractures noted in the previous paragraph. This study involved four different institutions and several surgeons. This can be both a strength and a weakness. It is also a study involving trauma, which lends multiple variables from injury mechanisms to fracture types. Although we believe the groups were well matched and the study design minimizes this concern, it remains a weakness. Finally, the study was funded by industry, which always presents a potential conflict. Although we tried to address this weakness with the study design, it still remains a weakness. The data from this study suggest that prophylactic treatment of high-risk wounds before their failure may be an efficacious treatment strategy. Clearly, incisional NPWT should not be applied to all postoperative wounds. Additional studies will be necessary both to confirm the findings in this study as well as to determine which postoperative wounds should be considered for prophylaxis against dehiscence and infection using NPWT. Based on the results of this study, application of NPWT to surgical incisions immediately after surgical fixation and closure should be considered after highrisk traumatic fractures below the knee. 
